Introduction
The term "thermal niche" is frequently used in ecology. Since Magnuson et al. (1979) coined the term, it has appeared in studies ranging from thermal physiology (Blank et al. 2004 , Fangue et al. 2009 ), species interactions (Molnár et al. 2013 , Mellard et al. 2015 , community dynamics (Mehner et al. 2011 , Frishkoff et al. 2015 and distribution modelling (Colwell and Rangel 2010, Eme et al. 2014) . Recently, thermal niche has been used as a central concept for exploring the impact of climate change in ecology, from individual to ecosystem levels (McMahon and Hays 2006, Sinervo et al. 2010, Just what is the thermal niche?
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While the use of 'thermal niche' has increased notably in the last years, it has been used in many different ways, typically aiming at processes determined by different mechanisms. I here present a new unifying model that defines thermal physiology traits by behavioural mechanisms that buffer variation in thermal environments. This framework provides a guide for using the term 'thermal niche' in ecological literature and identifies key areas for further research. Hiddink et al. 2015) . However, as has been the case with "ecological niche" (Kearney 2006 , Godsoe 2010 , McInerny and Etienne 2012 , the term "thermal niche" suffers from diverse interpretations, which complicates communication among researchers from different biological sub-disciplines (Bennett and Lenski 1993, Anderson et al. 2011) .
Synthesis
Current theory (Chase and Leibold 2003) defines "ecological niche" on the basis of species' requirements and their impacts. The requirement component comprises the minimum or maximum level of each factor, which allows species persistence in a given habitat. The impact component denotes the species' influence on niche factors. Building on this theory, I define an ectotherm thermal niche as the range of body temperatures allowing positive population growth (see also Bennett and Lenski 1993) . However, empirical estimations of thermal niche are challenging. Direct estimation has largely been restricted to ectothermic organisms with short generation times, such as bacteria, nematodes or fruit flies (Siddiqui and Barlow 1972 , Cooper et al. 2001 , Anderson et al. 2011 . For other species, three groups of indirect estimates have been used (see also Gvoždík and Kristín 2017) . The first, the "reaction norm" (or thermal performance/fitness curve) approach, is based on measurements of thermal dependence for life history or performance traits (Carrière and Boivin 2001 , Blank et al. 2004 , Pörtner et al. 2010 ). The second, the "optimality" approach, estimates thermal niche according to body temperature maintained under a laboratory thermal gradient in the absence of biotic and abiotic limitations (preferred body temperatures or thermal preferenda; Magnuson et al. 1979 , Kearney and Porter 2004 , Magnuson 2010 ). This approach assumes that an organism chooses body temperatures maximising its lifetime reproductive success under unconstrained conditions. Finally, thermal niche is estimated via distribution modelling, which incorporates climatic and distributional data (Quintero and Wiens 2013 , Descombes et al. 2015 , Gaüzère et al. 2015 . All these approaches differ in the questions they aim to answer. Although the direct, reaction norm and optimality approaches directly or indirectly estimate species thermal requirements enabling positive population growth, distribution modelling primarily focusses on the effect of climate on species distribution. In other words, the first group considers thermal niche as an organismal trait, whereas distribution modelling treats this term as a biogeographical phenomenon.
With respect to the definition of thermal niche, indirect estimates make numerous assumptions (Sinclair et al. 2016 ) that have rarely been tested. Most importantly, all approaches implicitly assume that the chosen thermal niche index is functionally related to population growth, and consequently accurately estimates body temperature range over which population growth is positive. This is unlikely as thermal performance curves (measured on individuals), for example, are bounded by critical temperatures that are wider apart than the temperature range enabling positive population growth (Hoffmann 2010 ).
In addition, thermal niche estimates using a distribution modelling approach assume that climatic temperature data reliably predict body temperatures within the study organisms. However, this assumption ignores geographic variation in microhabitat use (Scheffers et al. 2014) or thermoregulatory effectiveness (Sears et al. 2016) . As most assumptions are unverified, these approaches are likely to produce incompatible estimates of thermal niche (Sánches-Fernández et al. 2012) .
Here, I review previously published papers in an attempt to explore how the term "thermal niche" is being used in current literature. Next, I evaluate the pros-and-cons of the different approaches and provide a simple verbal model, designed to help estimate the thermal niche of a given study organism on the basis of commonly used indirect estimates. Despite the many concerns raised here, I conclude that the thermal niche is both a useful tool and a central concept in temperature-related ecological research, but that its definition requires clarification and standardisation.
Material and methods
The literature search was based on papers published between 1 January 2000 and 31 December 2015 in the Web of Science database (as of 18 October 2016) that contained the term "thermal niche" in the title, keywords or abstract. From each paper, I recorded the temperature used, i.e. body, environmental or climatic. For small terrestrial (< 5 cm) and small-to moderate-sized (< 50 cm) aquatic organisms, body temperature was considered as identical with the environmental (operative) temperature, i.e. the equilibrium temperature of a physical object that has the same external properties (size, shape and color) as the study animal (Bakken 1992) . I also recorded the organism's response to temperature, i.e. population growth rate, thermal preferenda, thermal reaction norm and species occurrence. The thermal reaction norm was further divided according what was being measured. Thermal sensitivity means that thermal niche was estimated as a thermal performance curve (Huey and Stevenson 1979) . With thermal tolerance, the thermal niche was identical with the thermal tolerance zone, which is the difference between critical thermal maximum and minimum, i.e. body temperature at which individual performance equals zero. Observed and expected frequencies of papers within these categories were tested using the χ 2 -test. I applied a generalised linear model on count data to examine the relationship between number of publications and publication year. All analyses were performed using the 'stats' and 'MASS' (Venables and Ripley 2002) packages in R (< www.r-project.org >).
Results and discussion
In total, I examined 150 studies containing the term "thermal niche". If the term was mentioned in the keywords only, or if thermal niche lacked any clear definition, I discarded the study from further analysis (n = 21; Supplementary material Appendix 1 Table A1 ). Use of the term "thermal niche" increased markedly during the second half of the survey period (χ 2 = 42.48, df = 1, p < 0.001; Fig. 1a ), which clearly indicates the need for conceptual unification of the term. The number of papers using the term differed between taxonomic groups (χ 2 = 42.47, df = 7, p < 0.001; Fig. 1b ), being most frequently used in studies on fishes, perhaps because it was originally coined for this group (Magnuson et al. 1979 ). On the other hand, the term is rarely used in studies of endotherms, i.e. birds and mammals, perhaps because temperature affects their population growth by energy budget and not the body temperature per se (Kearney et al. 2009 ).
Thermal niche was characterised using body, environmental and climatic temperatures, but most often with body temperature (χ 2 = 12. 70, df = 2, p = 0.002; Fig. 1c ). Which temperature should be used for thermal niche estimation? According to the definition of ecological niche (Chase and Leibold 2003) , each niche component must be estimated from the species' requirements. For example, in the case of trophic niche, this component is estimated according to the food actually consumed and not according to the prey availability in a given habitat (Pianka et al. 2017 , Zandonà et al. 2017 ). Although temperature is considered a stress agent rather than resource (Chase and Leibold 2003 , but see Magnuson et al. 1979 , Rusch and Angilletta 2017 , it is actual body temperature and not available environmental temperature that affects the organism's physiology and fitness (Huey and Slatkin 1976 , Kingsolver and Gomulkiewicz 2003 , Vasseur et al. 2014 . Hence, body temperature is a more appropriate metric for estimating thermal niche than environmental temperature. In addition, body temperature is more relevant to the Hutchinsonian view (Hutchinson 1957) , which divides an ecological niche into the fundamental niche, i.e. species requirements in the absence of biotic interactions, and the realised niche, i.e. species requirements in the presence of other species. Analogically, preferred body temperature, which is measured in the absence of perceived biotic interactions, estimates the fundamental thermal niche (Magnuson et al. 1979) , while field body temperature estimates the realised thermal niche, provided that the thermal environment enables an ectotherm to achieve its target body temperature (Piasečná et al. 2015) . Environmental temperature can be used as a proxy for body temperature only if 1) it matches body temperature (Bakken 1992 ) of the non-thermoregulating focal animal (either directly or using Figure 1 . Number of papers containing the term "thermal niche" (a) in different years, (b) using different taxa, and estimated using different (c) temperature measurements and (d) species thermal responses. Data in (a) were fitted with a generalised linear model for count data. Amph.Rept. = amphibians and reptiles; Performance = thermal dependence of performance traits; Population growth = thermal dependence of population growth; Preference = preferred body temperature; Tolerance = individual thermal tolerance. microclimate models; Kearney and Porter 2016) , and 2) members of a given species cannot behaviourally thermoregulate, i.e. because thermal environment or body size limits thermoregulation or because the costs of thermoregulation are exceedingly high Slatkin 1976, Angilletta 2009 ).
Climatic temperature data (typically shaded air temperature at a given height) is the most problematic source for estimating thermal niche according to the definition provided above. Even at a global scale, climatic data tend to be measured well away from trees, and hence provide misleading information on thermal conditions in forests (De Frenne and Verheyen 2016) . Despite this, many studies have used air temperature to estimate thermal niche in forest taxa (Supplementary material Appendix 1 Table A1 ). Estimation of thermal niche using climatic temperature data is even more problematic at a local scale (Bartholomew 1966) . In their native habitat, organisms are exposed to microclimatic conditions (i.e. spatial resolution < 100 m and temporal resolution < 1 h; Bramer et al. 2018 ) that differ markedly from those characterising the macroclimate. This issue has already been considered several times (Kearney 2006 , Sunday et al. 2014 , Bramer et al. 2018 ; hence I will only briefly mention three notable examples. First, use of climatic data usually ignores air temperature variation due to local topography (Scherrer and Körner 2010 , Sears et al. 2011 , Storlie et al. 2014 ), e.g. south versus north slope orientation, hill versus valley (up to 7-8°C) or boundary layer (0 versus 2 m) variation (up to 28°C; Stevenson 1985) . Second, operative temperatures are determined not only by air temperature but also by other physical variables (Bakken 1992 ), e.g. precipitation, which affects substrate thermal conductance (Cosenza et al. 2003) . On land, the amount of rainfall affects body temperatures by changing the properties of the boundary layer, vegetation shading (Kearney et al. 2009 ) and species interactions (Barton and Ives 2014) . In water, rainfall determines the depth and shading, and thus temperature, of small waterbodies (Schiesari 2006 ), which in turn affects ectotherm body temperature (Hadamová and Gvoždík 2011) and the diversity of species interactions (Wellborn et al. 1996) . Finally, climatic data ignore the effect of behavioural thermoregulatory mechanisms that can modify an ectotherm's (1 kg) body temperature by up to 40°C (Stevenson 1985) . Consequently, the estimation of thermal niche from climatic air-temperature data is highly inaccurate (Sunday et al. 2014 ) and should be avoided, except as a first, crude, approximation.
Species responses to temperature varied significantly between papers (χ 2 = 48.44, df = 5, p < 0.001; Fig. 1d ), though most were estimated from occurrence data and reaction norm characteristics, i.e. thermal sensitivity and thermal tolerance. Unfortunately, all commonly used responses were poor proxies for the estimation of population growth, as positive population growth cannot be inferred solely from presence/absence data. In addition, obtaining population growth estimates in natural habitats is a particularly challenging task with many taxa. Using thermal performance curves to estimate thermal niche is also problematic (Martin and Huey 2008, Anderson et al. 2011 ) and a recent review highlighted several critical assumptions that have rarely been tested (Sinclair et al. 2016) . From a thermal niche view, the most important misunderstanding stems from confusion between individual and population performance. While individual performance and survival limits are determined by the critical thermal minimum and maximum, population performance limits are determined by body temperatures allowing non-zero population growth, which is a function of both age specific survival and fecundity rate Savage 2012, Kearney 2012) . Typically, the fecundity rate thermal dependence curve should be narrower than the thermal tolerance range (David et al. 1983) as reproductive performance often falls steeply at body temperatures outside the preferred temperature range (Kurdíková et al. 2011 ). In addition, exposure to high but sub-lethal body temperatures may damage the reproductive organs, especially in males (David et al. 2005) , with the result that any future contribution of heat survivors to population growth is zero. Accordingly, the species' thermal tolerance (i.e. thermal niche defined above) is expected to be narrower than individual thermal tolerance.
There are four basic scenarios to explain how the distribution of body temperature affects population growth in an ectotherm with disparate thermal tolerance and preferenda (Fig. 2) . The first is the situation, where most body temperatures lie within the range of preferred body temperatures (T pref ; Fig. 2a ). In the second case, body temperature distribution is the same width as preferred body temperature but its position is shifted to higher (or lower) temperatures (Fig. 2b) . Note that population growth is limited by the width and position of the T pref range, rather than individual thermal tolerance. Third, body temperature distribution lies within the T pref range, but its range is close to the mean upper (or lower) thermal tolerance limit (Fig. 2c) . Accordingly, population dynamics are affected by individual variation in thermal tolerance limits under these conditions. Finally, the most frequent values from the broad body of temperature distribution are shifted upwards (Fig. 2d) or downwards. In this case, population growth depends not only on individual thermal tolerance but also on the position and width of the T pref range. Clearly, focusing solely on individual thermal tolerance range could provide biased estimates of species thermal niche.
Two sympatric European newt species provide an illustration of taxa living in thermal conditions well below their individual upper thermal tolerance limit (Šamajová and Gvoždík 2010, Gvoždík unpubl.) . At two study sites less than 4 km apart, the smooth newt Lissotriton vulgaris experienced higher water temperatures than did the alpine newt Ichtyosaura alpestris, though neither species experienced body temperatures approaching their critical thermal maximum (Fig. 3) . Species thermal requirements corresponded with variation in water temperature distribution. Lissotriton vulgaris had a mean T pref ca 3°C higher than I. alpestris. However, species differences in critical thermal maxima, which obviously have a minor influence on newt population dynamics, were much lower than in T pref . Accordingly, species success in a given habitat appears to be determined by the lower and upper boundary of the T pref range, rather than by thermal limits for individual survival. Sedentary taxa living in the tidal zone (e.g. mussels) represent the opposite case (Helmuth et al. 2006) , whereby the organism frequently experiences body temperatures inducing a heat-shock response (Stillman 2003 , Somero 2005 that cannot be buffered by behaviour. Accordingly, their population growth is affected by individual variation in thermal tolerance.
Only 10% of recent studies estimated thermal niche using preferred body temperature (Fig. 1d) . While the reasons for omitting this trait are unknown, T pref is more time consuming to measure (but see Gvoždík and Kristín 2017) than other thermal characteristics, and more sensitive to the influence of confounding factors (Hutchison and Dupré 1992 , Dillon et al. 2009 , Clusella-Trullas and Chown 2014 . However, estimates from carefully controlled experiments produce repeatable results, at least at the population level (Hadamová and Gvoždík 2010 , Balogová and Gvoždík 2015 , but see Clusella-Trullas et al. 2007 . Using a range of thermal performance data for the same ectotherm population, the T pref range provides the best conditions for aerobic performance and reproduction (Šamajová and Gvoždík 2009 , Kurdíková et al. 2011 , Gvoždík and Kristín 2017 . Similar body temperatures also provide the best conditions for embryonic and larval traits (Kurdíková et al. 2011) . Despite its shortcomings, T pref remains among the most informative traits in thermal ecology (Huey 1982) .
Here, I propose a simple verbal model (Fig. 4) to clarify the meaning of thermal niche using its commonly used indirect estimates (Fig. 1d) . This model reflects the importance of body temperature distribution and both the thermal tolerance and T pref range. In line with thermal ecology theory (Huey and Slatkin 1976 , Huey 1991 , Angilletta et al. 2006 , Angilletta 2009 , Gunderson and Leal 2015 , Williams et al. 2015 and mechanistic niche models (Buckley 2008 , Kearney 2012 , the model includes thermally-related behaviour, which may modify body temperature distribution, and considers an ectotherm in both its active and inactive state.
The model starts with an ectotherm exposed to different operative temperatures during periods of activity and inactivity (diel or seasonal). When active, an individual may reduce variation in the thermal environment through behavioural thermoregulation and microhabitat preference, e.g. temperature oviposition preferences (Jones et al. 1987, Dvořák and , thereby shifting to a narrower body temperature distribution, not only for itself but also its progeny. How effectively thermally-related behaviour filters environmental temperature variation depends on other biotic and abiotic factors that determine the costs and limits of a particular behaviour. The resulting width and position of body temperature distribution relative to the thermal tolerance limits and T pref range will affect an individual's ability to gain energy, produce offspring and to survive, and ultimately determine population growth.
In an inactive state (i.e. during sleep [daily] or during overwintering [seasonally]), environmental temperature variation is buffered by the ectotherm's ability to find a suitable shelter, which should provide not only protection against predators and extreme temperatures but also thermal conditions minimising their energy costs (standard metabolic rate). Inactive ectotherms do not feed; hence, their body fat reserves depend on the magnitude of standard metabolic rate at their body temperature (Kristín and Gvoždík 2014) . The position and width of body temperature distribution during inactivity determines whether population growth is affected by speciesspecific thermal dependence of metabolic rate (Podhajský and Gvoždík 2016) or thermal tolerance, or indeed, both.
The model incorporates three commonly used thermal niche components: preferred body temperature, thermal tolerance limits and thermal dependence of standard metabolic rate. The relative contribution of each component to thermal niche estimation depends on the effectiveness of the species' behavioural repertoire (Fig. 4) . Note that the estimation of the species' thermal characteristics is further complicated by acclimatisation capacity or other influences, e.g. ontogeny, inter-and intra-population variation or reproduction. I did not consider these influences here as they have received recent attention elsewhere (Gvoždík 2012 , Huey et al. 2012 , Seebacher et al. 2015 , Gunderson and Stillman 2015 . For the purposes of this paper, species estimates of thermal tolerance and T pref range limits simply represent their minimum and maximum values modified by these factors.
The main aim of the proposed model is to clarify relationships among commonly used indirect estimates of "thermal niche". Importantly, the framework also contributes to a general understanding of thermal niche from three points of view. First, it highlights the role of thermally-related behaviour for estimating thermal niche. Although several authors have considered behavioural thermoregulation in mechanistic niche models (Buckley 2008 , Kearney 2012 , they ignored other thermally related behaviours such as choice of oviposition site or shelter use. The relative importance of individual key thermal characteristics for thermal niche estimation depends on the effectiveness of thermallyrelated behaviours designed to reduce variation in operative temperature. This is an important difference from other thermal niche mechanistic models based exclusively on the thermal dependence of physiological or ecological traits in taxa (e.g. fishes and small insects) that have limited-capacity to buffer their body temperatures from variation in environmental temperatures (Pörtner et al. 2010, Smith and Amarasekare 2018) . Second, the model considers a species' thermal requirements during both periods of activity and inactivity. In wintering or aestivating taxa, for example, microclimatic conditions within their shelters may provide an important selection factor (Williams et al. 2015) . Surprisingly, no previous mechanistic niche model has incorporated inactivity period. Finally, it reveals gaps in current knowledge that complicate our understanding of thermal niche. In comparison with behavioural Note that the maximum attainable body temperatures were well below critical thermal maxima, and that preferred body temperatures matched preferred oviposition temperatures in both species (Balogová and Gvoždík 2015, L. Gvoždík and R. Smolinský unpubl.) . thermoregulation, for example, the influence of other thermally-related behaviours (especially overwintering microhabitat selection) on distribution of body temperature has been chronically understudied. Further, in contrast to mean values, we have insufficient information about T pref ranges in different taxa. Note that T pref distribution often deviates from normality (DeWitt and Friedman 1979) , and hence the T pref range cannot easily be obtained from parametric descriptors, e.g. mean and standard deviation. In addition, the T pref range has frequently been estimated as the central 50% value from T pref distribution (Hertz et al. 1993) . This practice artificially narrows the T pref range, thus underestimating a species' thermal requirements (Gvoždík and Kristín 2017) . Finally, we need to assess how T pref affects population growth or its components, i.e. age-specific fecundity and mortality rate.
My literature review revealed that the term "thermal niche" is frequently used in different ways, thereby complicating communication between ecologists working on different taxa or at different ecological scales. The most direct estimate of thermal niche is the range of temperatures over which rates of population growth are positive, though this can only be estimated for small species that have short generation times (e.g. bacteria or insects). As such, this index is not used broadly. Commonly used indirect approaches, such as measuring thermal tolerance range or species distribution modelling, may provide inaccurate and potentially misleading estimates of thermal niche. According to the model proposed herein, the suitability of indirect estimates depends not only on the distribution of operative temperatures in a given habitat but also on the effectiveness of thermally-related behaviours used to reduce body temperature variation, which directly affects traits contributing to population growth. In future, therefore, the term "thermal niche" should be applied more carefully than it has been in past literature.
I propose that use of the term "thermal niche" should be restricted to studies that characterise species thermal requirements as the range of body temperatures maintaining positive population growth. The "target" temperature range can be estimated directly or indirectly. Indirect approaches require carefully chosen body temperature limits, i.e. individual thermal preferenda and/or tolerances, according to the species' behavioural ability to buffer variation in its thermal environment (Fig. 2) . In seasonally active taxa, thermal tolerance limits and thermal sensitivity of standard metabolic rate during inactivity should be taken into account. Elaborate mechanistic models provide a further indirect means of thermal niche estimation. However, these models require a number of parameters (Buckley 2008 , Kearney 2012 ) that preclude their wider application between taxa. Correlation approaches are useful for understanding the role of climate in species distribution (Peterson et al. 2011) ; however, such data can prove highly inaccurate when estimating body temperature enabling positive population growth. In such cases, the term "thermal niche" should be avoided. Finally, it should be kept in mind that temperature is only one dimension of a species' ecological niche. More information is needed about other Figure 4 . A model defining the thermal niche concept based on commonly used thermal physiology traits (Fig. 1) . In an active ectotherm, the distribution of body temperature (T b ) is determined by environmental (operative) temperature (T e ), biotic and abiotic factors and the effectiveness of temperature-related behaviours that reduce T e variation. Population growth is influenced by the position of thermal tolerance and preferred body temperature (T pref ) range relative to T b distribution (Fig. 2) . The body temperature of inactive ectotherms is influenced by the choice of a suitable refuge. The resulting T b distribution, relative to thermal tolerance limits and thermal dependence of mandatory energy consumption (standard metabolic rate), contributes to population growth. The indirect thermal niche estimate is determined by three thermal characteristics, T pref range, thermal tolerance limits and thermal dependence of standard metabolic rate. Note that variation in species thermal characteristics is influenced by their ability to acclimatise and/or other factors.
niche dimensions (Hutchinson 1957) if we are to better understand species occurrence and their response to environmental change.
